Preservation of bacteria at the temperature of dry ice (-78.5 C) is a particularly valuable method for the maintenance of such organisms as Treponema pallidum which otherwise require continuous animal-to-animal passage. Turner (1938) , Turner and Fleming (1939) , and Turner and Brayton (1939) demonstrated that at the temperature of dry ice T. pallidum and relapsing fever spirochetes retain their virulence for long periods. However, in practice it has become apparent that the freezing method of preservation, especially in the case of spirochetes, is not completely reliable, and that much activity may be lost in the process, so that on occasion it has been difficult or impossible to reactivate frozen strains of trepoinemes (Turner, 1953) .
The influence of low temperatures on living cells has been reviewed by Belehra'dek (1935) and by Luyet and Gehenio (1940) . Prudden in 1887 distinguished two types of damage which may result from the freezing of bacteria. Although subsequent investigators have not always separated these two effects, all the available evidence tends to support this distinction. This is clearly demonstrated in the studies of Weiser and Osterud (1945) who state in summary:
"Death by freezing involves a rapidly acting or "immediate" death, caused by the freezing and thawing per se, and a "storage death" which is a direct function of time and temperature."
The present study is primarily concerned with the damage which occurs during the freezing and thawing. Prudden (1887) was the first of many observers to report that repeated freezing and thawing was more injurious than a single freezing. Weiser and Lief (1940) in unpublished experiments, determined that bacteria which are repeatedly frozen and thawed are damaged at a rate which is the same for each cycle of freezing and thawing so that the loss is exponential.
Different species of bacteria vary in their susceptib)ility to damage by freezing and thawing. Haines (1938) found that a single freezing and thawing killed 89 per cent of Saccharomyces cerevisiae, but only 5 per cent of Staphylococcus aureus. The susceptibility of several other bacteria was intermediate. Keith (1913) showed that if the einvironmental coniditions are changed, the resistance of the organism may be greatly altered. When certain substances, such as sugar, milk, or glycerol, were added to the suspending medium, the bacteria were partially protected from the damage of freezing at -20 C. Recently, analogous observations have been made of the effect of glycerol when other types of cells are frozen. Polge, Smith and Parkes (1949) and Smith and Polge (1950) have reported that in the presence of dilute glycerol solutions spermatozoa of various species can regain their motility and their physiological activity (Polge, 1951) after being frozen at the temperature of dry ice; has reported that red blood cells in glycerol are not hemolyzed by freezing; and Hartmann and Conley (1952) have found that blood platelets in the presence of glycerol are protected from the destructive action of freezing.
The amount of damage from freezing and thawing may be influenced by the rate and by the temperature of the freezing and of the thawing. Bacteria ordinarily show the least amount of damage when rapidly frozen and rapidly thawed (Turner and Brayton, 1939; Weiser and Osterud, 1945) . According to Luyet and Gehenio (1940) , who believed that the damage is caused by crystal formation, quick freezing and thawing is essential in order to pass rapidly over the temperature range in which crystallization occurs. Luyet (1951) found 28 per cent of a red blood cell suspension was hemolyzed after quick freezing and thawing, whereas 96 per cent was hemolyzed during slow freezing. More recently Luyet and Keane (1952) have reported that the speed of freezing was not important in preserving chicken embryo cells with ethylene glycol, and Smith and Polge (1950) (1938) who found that between -2 and -20 C the survival of various bacteria was better at lower temperatures; the studies of Turner and Fleming (1939) and Turner and Brayton (1939) who observed that T. pallidum and relapsing fever spirochetes survived better at -78 C than at higher temperatures; and that of Weiser and Osterud (1945) (Magnuson et al., 1948) ; that the number of treponemes increases logarithmically during the incubation period (Cumberland and Turner, 1949) ; and that an alteration of the incubation period can be used as an index of the damage or destruction of treponemes under experimental conditions (Hollander et al., 1952 (Cumberland and Turner, 1949; Hollander et al., 1952) .
Adult male rabbits were maintained in an environment of 20 C or lower and were fed "Rockland (antibiotic-free) rabbit ration."
The Escherichia coli and Rhodospirillum rubrum strains were single colony isolations of old laboratory stock'cultures. The Diplococcus pneumoniae strain was a type I recently isolated. The organisms were grown in beef heart infusion broth and counts were made on infusion agar with normal rabbit blood added for D. pneumoniae.
For freezing and thawing, rubber-stoppered 13 X 100-mm Pyrex glass tubes containing 2-ml aliquots were alternately placed for periods of 5 minutes in a dry ice-ethyl alcohol bath, and in a 30-C water bath. For the storage experiment these tubes were flamesealed and stored in a dry ice cabinet and in two mechanical freezers. Since the boxes were in almost daily use for other purposes the temperatures fluctuated as in actual storage practice. The designated temperatures of -70, -40 and -15 C are believed to be conservative figures near the upper limits of the temperature ranges.
EXPERIMENTAL RESULTS Viability of Bacteria After Repeated Freezing
and Thawing In the experiments summarized in table 1 the survival of broth suspensions of 18-hour cultures of E. coli and 6-hour cultures of D. pneumoniae was measured by plate counts after one, two, four and eight freezings. At each freezing and thawing bacteria were destroyed in proportion to the number of living bacteria present, so that the viable population decreased exponentially. In other words, the percentage loss at each cycle of freezing and thawing was independent of the previous history of freezing. These counts plotted on a logarithmic scale (figure 1) produced straight lines, the slopes of which represent the rates of destruction.
When the same bacteria were suspended in broth containing 15 per cent glycerol, the viable population was not decreased by as many as eight freezings and thawings. The logarithmic plots of these data are straight lines with zero slopes (figure 1).
Viability and Motility of R. rubrum After
Repeated Freezing and Thawing When broth suspensions of R. rubrum were repeatedly frozen the number of viable organisms measured by plate counts was decreased approximately fivefold with each freezing. The motility observed by darkfield examination declined in the same manner from about 80 per cent before freezing, to 35 per cent after one freezing; to 7 per cent after two freezings; to less than 1 per cent after three freezings; and to 0 after four freezings. The rate of destruction observed with R. rubrum was greater than that for E. coli but less than that for D. pneumoniae. Niel (1944) has also found that glycerol is toxic for R. rubrum.
Observations on the motility of R. rubrum in the presence of glycerol suggest that there was protection against the damage of freezing and thawing just as in the case of E. coli and D. pneumoniae but that this effect was obscured by the toxicity of the glycerol. After eight freezings and thawings in 15 per cent glycerol the number of motile organisms was not reduced, and while the bacteria individually became much less active, the bacteria in glycerol solutions which were not frozen became inactive in the same manner.
Motility of T. pallidum After Repeated
Freezing and Thawing In the experiment summarized in table 2, it was found that the motility of T. pallidum also decreased after freezing and thawing and was protected by glycerol with increasing effectiveness up to 15 per cent. Since 15 per cent seemed to be as efficient as larger amounts, this concentration was used exclusively in the following studies.
Virulence of T. pallidum After Repeated
Freezing and Thawing To determine whether the motile treponemes were fully virulent after freezing, rabbits were inoculated with 500,000 organisms intracutaneously in each of eight sites on the shaved surface of the,back according to the scheme in table 3. The expected incubation period for this size inoculum is about 6 days. Since each successive tenfold decrease in the size of the inoculum increases the incubation period about 4 days, the length of the incubation period is a measure of the number of living virulent organisms inoculated (Magnuson et al., 1948; Cumberland and Turner, 1949; and Hollander et al., 1952) .
The rabbits inoculated with the unfrozen serum saline suspension developed lesions after 5 and 7 days as expected with 500,000 treponemes. When the same emulsion was frozen once, the incubation periods were 13 and 14 days, and when frozen twice 26 and 27 days. Since 4 days corresponds to a tenfold decrease in the inoculum, these incubation periods signify that the effective inocula were of the order of 5,000 after one freezing and only 5 treponemes after two freezings, and indicate that the rate of destruction was at least 99.0 per cent at each freezing. If this rate of destruction continued no virulent organisms would be present after three or four freezings, and, in fact, in this experiment rabbits inoculated with four times frozen material remained symptomless for 60 days, and their popliteal lymph nodes when transferred to other animals were noninfectious.
In contrast, when glycerol was present in the treponeme suspension, the virulence measured by the incubation period was not altered by a single freezing nor even by as many as four freezings ( further loss so that only two of four animals developed lesions, while after storage for 1 month at -40 C and -15 C none of the animals developed lesions (table 4) . The lymph nodes of the negative animals were noninfectious when transferred to normal rabbits. When the glycerol serum suspension, which had not been damaged by the freezing and thawing, was stored at -70 C, there was no detectable loss of virulence after 1 month nor after 2 months. Higher temperatures, however, did not prevent deterioration during storage. Only two of four animals became infected from material stored 1 month at -40 C, and none were infected from material stored 2 months at -40 C or 1 month at -15 C (table 4) .
DISCUSSION
The present experiments, in which the presence of glycerol was able to prevent the damage to bacteria by freezing and thawing but did not seem to influence the damage during storage, afford additional evidence in support of the view that these two types of damage have separate and independent mechanisms. Damage During Freezing and Thawing A number of explanations have been suggested for the damage which occurs when bacteria are frozen and thawed (BMlehradek, 1935; and Luyet and Gehenio, 1940) . This study clearly demonstrates that the survivors after repeated freezing are as susceptible as the original population, and the damage process is therefore more complex than a simple separation of susceptible cells from resistant cells.
The theory of Luyet and his group (1940, 1951) , attributing the damage to the formation of ice crystals, is difficult to reconcile with the protective action of glycerol. Indeed Smith, Polge and Smiles (1951) have reported that crystals are formed when red blood cells are frozen in the presence of a concentration of glycerol which will suppress hemolysis. Another theory is that the damage can be explained oII the basis of the hypertonic salt solution which accumulates as pure ice separates differentially in the early stage of freezing. Lovelock (1953) has shown that this explanation is satisfactory for red blood cells. It should be noted, however, that red blood cells are peculiarly susceptible to osmotic shock.
The theory which we believe may be the true explanation is that the destruction is the result of mechanical compression. The compression is a consequence of the fact that water expands 9 per cent when it changes into ice; and the damage arises from the same forces that cause bursting of enclosed vessels when water freezes into ice. Just as glycerol in very small amounts can protect cooling systems from this expansion (Zink, 1948) Guiteras and Reich (1947) , who measured the cubical expansion of glycerol solutions of 5, 10 and 20 per cent between 0 C and -30 C, found that the observed values agreed with those calculated according to these theoretical considerations. In contrast, wvhen pure water is cooled, a constant temperature of 0 C is maintained until the freezing and the resultant expansion are completed. Whatever the precise mechanism, if the mechanical theory of the protection from damage by freezing is correct, compounds other than glycerol with similar antifreeze properties should have similar protective action, and such in fact has been found to be the case. Smith and Polge (1950) have reported that ethylene glycol and propylene glycol were almost as effective as glycerol in freezing fowl spermatozoa; Luyet and Keane (1952) have found that ethylene glycol will protect chicken embryo cells from damage by freezing; and Grand, Keane, Bauer and Luyet (1952) were able to preserve mouse carcinoma cells with ethylene glycol. Toxicity of Glycerol Glycerol in some unknown manner interfered with the growth of R. rubrum so that it could not be used for the preservation of this organism. The nature of this apparent toxicity was not investigated nor is it known how frequently strains or species of bacteria may be encountered which are unable to tolerate glycerol. It is possible that some other compounds with similar physical properties may be less toxic and therefore more suitable for the preservation of such organisms.
Deterioration During Storage The mechanism of the loss that occurs during the storage of frozen bacteria is unknown. If, as is likely, the process is the same as that which occurs at above freezing temperatures and if it is merely proceeding at a slower rate, then it should be possible to improve the preservation at freezing temperatures by adjustment of factors which influence deterioration in the unfrozen state. On the other hand, some temperature level such as the eutectic point may be a critical temperature above which satisfactory preservation is not possible. In these experiments we have examined the effect of storage only to the extent that -70 C was found to be an excellent storage temperature for a suspension of treponemes in 15 per cent glycerol, while -40 and -15 C were unsatisfactory for the same suspension. These observations on the relation of storage temperature to the survival of treponemes are in agreement with those reported by Turner (1939) .
Applicability of the Method
The studies reported here have shown that certain bacteria may be frozen with virtually no damage in the presence of glycerol. Since other organisms appear to be incapable of surviving in the presence of glycerol it is obvious that its application must be limited to those organisms and perhaps to specific strains which tolerate glycerol.
In this laboratory various strains and species of treponemes have been preserved in glycerol solutions at -70 C and although the experience is still limited, the initial results seem completely satisfactory. The method may have many similar applications in the preservation of large pools of organisms for comparable inocula in experiments distributed over a space of time, or the preservations of sensitive strains of organisms. For example, it is probable that attenuated strains intended for immunization such as the BCG strain of Mycobacterium tuberculosis could be safely maintained for very long periods in the frozen state without fear of mutation.
A number of biologic substances other than those already mentioned have been found to be injured by freezing and thawing. Weinman and McCallister (1947) (1948) and subsequently developed by Humfeld and Sugihara (1949, 1952) to permit low-cost, large-scale production. (Humfeld and Sugihara, 1949) .
A number of the stocks produced "secondary spores" (Kligman, 1942) and propagated rapidly in shaken 1 Deceased, March 1953. flasks, whereas others grew in the pellet-like colonies at a much lower rate. The production of "secondary spores" is correlated with and may be necessary for the rapid propagation of mushroom mycelium. These spores occur either terminally or intercalarily (figures 1 and 3). In a 150-liter fermentor with 5 per cent inoculum, extensive sporulation of the strains of Agaricus campestris started approximately 15 hours after inoculation. A short while after sporulation commenced, numerous spores were observed to be in the process of germination (figures 2 and 4). "Secondary spores" were observed in all cultures that displayed the characteristic dispersed type of growth. The mode of sporulation was identical in all cases.
The main problem at present is the development in submerged culturing of "mushroom flavor" of sufficient intensity and consumer acceptability. Samples of mycelium of Agaricus campestris (Strains M5 (NRRL 2334) and M16 (NRRL 2335)) grown in chemically defined media were cooked and submitted to a panel of tasters. The taste panel reacted favorably though variably. The more favorable comments were that the samples were nut-like, cheese-like and pleasant. On the other hand, certain individuals could identify and did prefer samples of natural mushrooms even though the samples were disguised. Mycelium grown in solid media possesses typical mushroom odor, but the odor is not detectable in mycelium grown in submerged culture. Of the species other than Agaricus campestris, only Lepiota rachodes had a pleasant flavor.
When the problem of mushroom flavor is solved, an
